Knowledge of the stromal microenvironment is crucial for understanding the hematopoietic system. We took advantage of an assay that permits analysis of primary stromainitiating cells (SICS) on the clonal level, and further characterized SICS and the factors that regulate SICS. Stroma formation in this assay is dependent on a high-molecularweight factor secreted by the stromal cell line AC3.U. Here we show that this factor is identical to macrophage colonystimulating factor (M-SF), and that purified M-CSF is sufficient for induction of stroma formation. M-CSF, isolated from the line AC3.U, as well as from L929 cells and COS cells transfected with an expression vector encoding M-CSF, migrated in two peaks as 160-and 650-kD species after gel filtration. These molecular-weight species encompassed all EMATOPOIETIC DIFFERENTIATION in vitro and in vivo is dependent on stromal cells. Stromal cells regulate hematopoietic cells via cytokines, adhesion molecules, and other, yet to be discovered molecules. However, the factors that regulate the proliferation and differentiation of stromal cells themselves remain to be elucidated.
stroma-inducing activity, and both stimulated macrophage colony formation. Affinity chromatography and blocking studies with antibodies specific for M-CSF and c-fms confirmed M-CSF as the sole factor in the supernatant of the stromal cell line AC3.U that promotes stromaformation. Culture of marrow, for as little as l week, depleted M-CSFdependent SIC while increasing the incidence of replatable, factor-independent SIC. This suggests that culture changes the properties of SICS, perhaps by inducing differentiation into mature stromal cells. Thus, our results show a novel function of M-CSF as an important modulator of stroma formation. 0 1995 by The American Society of Hematology.
growth factor-l (IGF-l),'0"4 as well as unidentified factors in media conditioned by fib rob last^,'^ a myeloma cell line,I6 and a stromal cell line" have been described to enhance stroma and/or fibroblast colony-forming units (Cm-F). The critical analysis of factors that regulate primary stromal cells is dependent on assay systems that permit clonal analysis of functionally defined stromal cells. Recently, we described such an assay for murine primary stromal-initiating cells (Sics)." We showed that the development of stromal colonies was strictly dependent on an activity with an apparent molecular weight of >l00 kD secreted in the supernatant (SN) by the stromal cell line AC3.U. In this report, we further characterize the Sics and define the activity that promotes stromal layer formation. We show that the activity in AC3.U-SN, which induces stroma development, is recovered in two peaks with estimated molecular weights of = 160 and 650 kD by gel filtration. Biochemical and inmunologic analyses show that both molecular species are identical to macrophage colony-stimulating factor (M-CSF). Thus, M-CSF is an important modulator of stromal cell formation.
M-CSF, A GROWTH FACTOR FOR PRIMARY STROMA 2569
in vitro CFU assay and used at concentrations that promoted optimal colony formation. We refer to SN of COS cells, transfected with an expression vectors encoding M-CSF or G-CSF, as M-CSF COS-SN or G-CSF COS-SN, respectively. Recombinant murine interleukin-6 (L-6) was purchased from Genzyme (Cambridge, MA). Recombinant human PDGF-AB was purchased from UBI (Lake Placid, NY).
Stromal cell assay. The assay for primary stromal cells has been described previ~usly.~' Briefly, single cell suspensions from femoral marrow were incubated for 2 to 4 hours on plastic dishes at 37°C to deplete adherent cells. On average, 79.0% 2 3.3% cells were recovered in the nonadherent population. Nonadherent cells were seeded into %-well plates at a concentration of 2 X io4 celldwell in RPM1 1640 supplemented with 5% FCS, 5
X lo-' m o m 2-mercaptoethanol (2"E), in the presence or absence of appropriate dilutions of growth factors and/or antibodies. One week later, cultures were fed with medium only; at 2 weeks after initiation, stromal cell colonies were enumerated by microscopy. Wells covered with adherent cells for more than 25% were considered positive. Where indicated, stroma layers were seeded with the hematopoietic indicator cell lines pBL-3 (lymphoid) or MyDex (myeloid)" to assess the ability of the layers to support hematopoiesis.
To follow the fate of M-CSF-dependent SICs over time in culture, we initiated bulk cultures (2 X lo6 cells per T75 tissue culture flask) in Whitlock-Wine conditions' in the presence of 20% AC3.U-SN. One to three weeks later, adherent cells were harvested after trypsin-EDTA treatment (20 minutes, 37°C) and scraping with a cell policeman (Costar, Cambridge, MA). After washing, cells were seeded at different concentrations into 96-well plates in the presence or absence of 20% AC3.U-SN. Cultures were maintained and evaluated as described above.
Characterization of SICS. Cell separation over nylon woolzz~24 and Sephadex G-164.25 columns were done essentially as described.
Collagenase-dispase treatment of marrow cell suspensions was performed with 50 pg collagenase-dispase (Boehringer Mannheim, Indianapolis, IN)/mL RPM1 1640 supplemented with 5% FCS at 37°C for 1 hour as de~cribed.'~ Nitex filters (Tetko, Monterey Park, CA) with 60-pm pore size were used to exclude cell aggregates. To isolate lineagenegative (Lin-) cells, marrow suspensions were incubated with rat monoclonal antibodies (MoAbs) specific for B220, Mac-l, and Gr-l antigens as described.26 Lin-cells were recovered after panning twice for 30 minutes at room temperature on Petri dishes coated with goat anti-rat antibodies (Caltag, South San Francisco, CA) essentially as described.24 Panned populations were generally greater than 95% pure as assessed by flow cytometry at the facility of Salk Institute (La Jolla, CA). Cell separation by flow cytometry was performed as described." However, after repeated loss of SICs during flow cytometry, cells were mock-sorted (leaving all gates open).
To evaluate the proportion of non-hematopoietic cells in the stromal layers, we initiated bulk cultures in Whitlock-Wine conditions in the presence of 20% AC3.U-SN, as described above. One week later. adherent cells were harvested after detaching with enzymefree cell dissociation solution (Specialty Media, Lavallette, NJ) and scraping with a cell policeman. Cells were washed in Dulbecco's phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) and cells were stained with MoAbs specific for CD45
and Mac-l as describd.z8 The hybridoma ALI-4A3, secreting a MoAb specific for CD45 , was the generous gift of D r G.
Spangrude (University of Utah, Salk Lake City). Flow cytometry analysis was performed in the presence of propidium iodide (3 mg/ mL in Dulbecco's PBS containing 3% FCS) as described.*' Gel filtration on Sephacryl S-300 HR. Concentrated SNs from AC3.U cells, M-CSF transfected COS cells, or L929 cells were subjected to size fractionation on Sephacryl S-300 HR column (Pharmacia Biotech, Uppsala, Sweden) (1.6 x 70 cm) in PBS, pH 7.2 to 7.4 at room temperature. Fractions (3 mL) were collected at a rate of 18 muh. The column was calibrated using a mixture of molecular weight standards (Bio-Rad Laboratories, Richmond, CA) containing thyroglobulin (670 kD), gammaglobulin (158 kD), ovalbumin (44 m), myoglobin (17 m), and vitamin B-l2 (1.35 kD). Void fraction (V& [void volumeltotal volume of the packed bed]) equals 36% of bed volume for Sephacryl S-300 HR.2' Fractions were tested for M-CSF content by enzyme-linked immunosorbent assay @LISA), and for stroma-inducing activity in the stromal cell assay.
Antibodies. Rat hybridomas producing MoAbs specific for murine M-CSF raised by Dr Hsiu-San Lin?' were generously provided by Dr J. Abrams (DNAX Research Institute). These antibodies recognize different epitopes of M-CSF: 5A1 MoAb inhibits the biologic function of M-CSF, whereas D24 MoAb binds to M-CSF without altering its biologic activity?' Both antibodies were purified from tissue culture SNs by 45% ammonium sulfate precipitation and subsequent ion exchange chromatography on a fast protein liquid chromatography (FPLC) Mono Q 16/10 column (Pharmacia Biotech). Both MoAbs were biotinylated with NHS-D-Biotin (Calbiochem, San Diego, CA) according to the procedure used previously.26 Rat MoAbs, specific for the murine receptors for M-CSF (604B5-2E1 l)" or for kit-ligand (ACK-2)" (generous gift of Dr S.I. Nishikawa, Kyoto University, Japan), were purified similarly. Goat anti-PDGF-AB antibodies that block all three species of PDGF was purchased from UBI. The antibodies were used according to the manufacturer's recommendation at a final concentration of 100 pg/mL and also at a fivefold excess (500 pg/mL).
Macrophage colony-forming unit (CPU-M) USSQY. This assay was performed as described." Briefly, marrow cells were suspended in IMDM supplemented with 1 % methylcellulose (Sigma), 30% FCS (HyClone Laboratories, Logan, UT), 1% BSA (Sigma), 2-ME, Lglutamine, antibiotics and appropriate cytokines, and colonies were enumerated 10 days later.
ELBA. M-CSF content was measured by a standard capture ELISA. Plates (Costar) were precoated with MoAb D24 at 10 pg/ mL. Test samples were diluted with PBS/O.O5% Tween 20, and incubated for 1 hour at 37°C on the plates. Bound M-CSF was detected with biotinylated MoAb 5A1, followed by avidin-horseradish peroxidase (Sigma), and o-phenylenediamine dihydrochloride/ hydrogen peroxide (Sigma). The reaction was stopped with 5 mol/ L HCl and absorbance was measured at 490 nm using Microplate autoreader (Bio-Tek Instruments, Winooski, VT).
Afinity purijcation of M-CSFfrom SN. M-CSF-specific MoAb D24 was coupled to CNBr-activated Sepharose 4B (1.7 mg of protein/mL of packed beads) according to the manufacturer's instructions (Pharmacia). Concentrated AC3.U-SN or M-CSF COS-SN were incubated with D24-Sepharose beads for 1 hour at 37°C. After washing with PBS, bound material was eluted with 0.1 m o m glycine-NaOW0.5 mom NaCl, pH 11.0, into tubes containing BSA (final concentration of 1.3 mg/mL) and 0.5 m o m glycine-HC1, pH 2.5. Starting material, flowthrough, wash, and eluate fractions were tested for M-CSF content by ELISA and for stromal inducing activity in the stroma assay.
Western blotting for M-CSF. Concentrated AC3.U-SN was absorbed with normal rabbit serum and rat IgG and thereafter, affinity purified as described above except that bound material was eluted with the elution buffer containing 0.3% polyethylene glycol 3,500 (Sigma) instead of BSA. The pH was adjusted to 7.0 with 0.5 mol/ L acetic acid, pH 3.0. Eluted fractions were dialyzed against PBS, and M-CSF content was determined by ELISA. Eluted material was separated on a 4% to 12% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (Novex, San Diego, CA) under reducing (5% 2-ME) and nonreducing conditions and transferred onto a polyvinilidene fluoride (PVDF) membrane (Millipore CO, Bedford, MA) using a semi-dry transfer unit (Hoeffer Sci- ' and normal rabbit serum as a negative control. Bound antibodies were detected with goat anti-rabbit IgG coupled with horseradish peroxidase (HRP) (Sigma) followed by 3,3'-diaminobenzidine (Sigma) detection (0.5 rng/mL PBS/O.O15% hydrogen peroxide).
Sfatistical analysis. Significance of the data was evaluated by the Student's t-test with Instat software (Graph Pad, San Diego, CA). Data were interpolated with the help of Sigmaplot software (Jandel Corporation, Corte Madera, CA).
RESULTS
Characterization of the SICS. The characterization of stromal cells and their precursors is dependent on an assay system that permits the clonal analysis of these cells. We described such a system" in which foci of stroma develop in limiting dilution. In this assay, stromal cells are functionally defined by their ability to support hematopoietic cells. Reviously, we showed that most, if not at all, of the foci that formed in limiting dilution were able to support the expansion of cell lines of myeloid and lymphoid lineages.I7
We used this assay system to further characterize the SICs. We subjected marrow cells to a variety of treatments (Table  1 ) and compared recovery of SICs with that of untreated control cells. We found, that SICs did not adhere to plastic at 37°C during 2 to 4 hours incubation and were recovered in the nonadherent fraction (Table 1) . However, SICs bind to Sephadex G-l0 and nylon wool (Table 1) . Furthermore, we (Table 1 ) and others' found that SICs were depleted by passage through a flow cytometer, even if sorting gates were not set. Because SICs do not adhere to plastic, their depletion by flow cytometry suggests that SICs may be susceptible to mechanical stress. SICs were quantitatively recovered after passage through 60-pm nylon mesh, indicating that most of SICs are not sequestered within cell aggregates. Similarly, treatment with collagenase-dispase did not affect SIC recovery (Table 1) . Because flow cytometry depleted SICs, panning was used for their further characterization. We found that SICs were recovered in the B220-Mac-l-Gr-1-population in five experiments (Table 1 ). These properties of SICs are similar, but not identical, to those described for CFUand osteoprogenitor~.~~-~~ Most strikingly, SICs appear to differ from these cell types in their growth factor requirements.
AC3.U-SN-dependent SICS in culture. In contrast with primary stromal cultures, established stromal cell lines grow independently of exogenous cytokines.6 To elucidate the reason for this apparent discrepancy, we examined the persistence of AC3.U-SN-dependent SICs in culture. Primary stromal layers were initiated in bulk culture in the presence of AC3.U-SN in Whitlock-Witte conditions as described.8 At weekly intervals, cells were harvested and replated in limiting dilutions in the presence or absence of AC3.U-SN. There was a significant increase of SICs in the cultures when compared with freshly explanted marrow (Fig 1 ) . Cultures initiated with 2 X lo4 freshly isolated cells yielded 50% positive wells, whereas 10-times less cells from l-week cultures sufficed to achieve the same result. Further culturing did not significantly change the number of SICs. However, cultured cells were markedly depleted of SICs that are dependent on AC3.U-SN (Fig 1) . Loss of the requirement for AC3.U-SN was time-dependent. In l-week-old cultures, about 75% of all SICs were dependent on AC3.U-SN, whereas at 3 weeks, only 35% of SICs required the presence of AC3.U-SN (Fig 1) . Thus, dependency on exogenous factors is lost in culture, suggesting that SICs from freshly explanted marrow differ from SICs in cultured adherent cell layer.
To confirm that the adherent cell layer grown in the Whitlock-Witte conditions contained nonhematopoietic stromal cells, we initiated bulk cultures in the presence of 20% AC3.U-SN. Flow cytometry analysis performed 1 week later, showed a sizable population of CD45-Mac-l-cells (Fig 2) . The CD45 antigen is expressed on most hematopoietic cells, but not on stromal cells,40 whereas Mac-l is a macrophage marker:' In three independent experiments, 37% to 45% of the cells were negative for both markers. Most of these cells exhibited very high forward scatter (Fig  2A, data not shown), indicating that these are large cells.
The stroma-inducing activiv in AC3. U-SN is recovered in two large molecular weight species. We previously showed that ultrafiltration of AC3.U-SN retained the stroma activity in two fractions with apparent molecular weight of >100<300 and >300 Concentrated AC3.U-SN was fractionated on a Sephacryl S300 HR column to define more precisely the molecular weight of the activity. Two peaks of stroma activity with apparent molecular weights of -160 and 650 kD were recovered (Fig 3) . None of the other fractions, including the void volume, contained stroma-inducing For personal use only. on November 16, 2017. by guest www.bloodjournal.org From For or the myeloid, cell line MyDex (01. as fraction of the total wells containing stromal foci.
activity (Fig 3) . Stroma, formed in the presence of either the 160-or 650-kD fraction, supported both myeloid and lymphoid indicator cell lines equally well (Fig 4) . Thus, all stroma activity was recovered in these two peaks, and these molecular weight species had identical activity in our assay. This suggests that gel filtration showed different forms of the same molecule.
To further characterize the stroma activity, we subjected it to a variety of treatments (data not shown). The molecule is resistant to pronase and trypsin (up to 5 days at 37°C in the presence of immobilized enzymes), as well as to denaturating agents (4 mol/L urea and 2 mol/L guanidine chloride) . Furthermore, 4 moliL urea did not affect the mobility of the stroma activity in gel filtration. Also, there was substantial recovery of the activity after heating (30 minutes at 56°C or 3 minutes boiling), whereas exposure to acidic pH MoAb 5A1, as well as polyclonal rabbit serum specific for M-CSF, completely abolished stromal layer formation by marrow cells in response to AC3.U-SN ( Table 2) . Neither the nonblocking anti-M-CSF MoAb D24 nor normal rabbit serum significantly changed the percent of wells containing stromal layer. Similarly, a c-fms-specific MoAb that blocks the receptor for M-CSF3' completely inhibited stroma establishment (Table 2 ). In contrast, the c-kit-specific MoAb ACK-2,32 which blocks the receptor for kit-ligand, did not interfere with stroma development. This indicates that M-CSF is critical for stroma formation.
M-CSF is sufJicient for the induction of stroma formation.
To verify our interpretation that M-CSF induces stroma formation, stromal cultures were initiated in the presence of natural M-CSF, in the form of L-cell SN, and recombinant M-CSF, in the form of SN from COS-cells transfected with an expression vector encoding murine M-CSF. Both forms of M-CSF fully substituted for AC3.U-SN (Table 3) . Titration of M-CSF in this assay showed that 1 U was sufficient to induce 50% of positive wells in the stroma assay (data not shown). In contrast, recombinant G-CSF and L -6 were ineffective (Table 3) . To confirm that M-CSF is the sole factor responsible and sufficient for stroma development in the stromal assay, M-CSF was purified from concentrated AC3.U-SN using immobilized anti-M-CSF MoAb D24. Only the eluates contained stroma-inducing activity, whereas the flow-through material was depleted of activity. The presence of M-CSF in the eluates was confirmed by ELISA (Table 3) . Taken together, these data indicate that M-CSF is the only cytokine in AC3.U-SN that promotes stroma formation.
A number of cytokines could substitute for M-CSF in our stromal assay. Partial or full replacement was found with FGF, IGF-l(data not shown), and PDGF-AB (Table 4) . However, blocking antibodies specific for PDGF did not inhibit stroma formation in the presence of AC3.U-SN (Table 4). Thus, in our system M-CSF-driven stroma formation is not dependent on the presence of PDGF. This supports our interpretation that M-CSF acts directly onto the SICS.
Immunoreache high-mlechr-weight M-CSF in AC3. U-SN
has macrophage colony-stimulating activity. Although highmolecular-weight forms of M-CSF, defined by immunoblotting, have been described previously,@4 little is known about their biologic activity. Therefore, the 650-and 160-kD forms were tested for stimulation of macrophage development in a standard methylcellulose colony assay. We found that AC3.U-SN, and the 650-and 160-kD fractions stimulated CFU-M (Table 5 ). Because the ELISA did not show M-CSF in other fractions, they were not tested in the CFU-M colony assay. Morphologic analysis of 14-day hematopoietic colonies showed that they were comprised exclusively of macrophage-like cells (data not shown). C m -M-inducing activity of the original AC3.U-SN and M-CSFcontaining gel filtration fractions was inhibited both by anti-M-CSF and anti-receptor antibodies ( Table 5 ). This shows that AC3.U cell line produces high-molecular-weight M-CSF that is functionally able to induce CFU-M colony development.
The major species of murine M-CSF are recovered as 160-and 650-kD molecules. Previous data indicated that natural murine M-CSF occurs as 200-and 116-kD species, determined by gel filtration chromatography.@ However, a 650-kD M-CSF had not been described. To assess whether the 650-kD forms of M-CSF are produced only by stromal cell lines, we compared M-CSF derived from AC3.U to that of natural (L-cells SN) and recombinant (COS-cells SN) forms. Concentrated SNs conditioned by L929, M-CSF-COS, or AC3.U cells were applied sequentially onto the same S300 HR column, and gel filtration profiles were compared in a M-CSF-specific ELISA. Gel filtration showed that all three sources of M-CSF were recovered in similar 5-FU was administered intravenously (150 mg/kg weight) 5 days before initiating cultures, as described." Marrow cells were seeded into a 96-well plate in Whitlock-Witte conditions in the presence or absence of growth factors or antibodies at concentrations indicated in the Table. Two weeks later, the cultures were overlayed with the indicator cells of the lymphoid cell line pBL-3 to evaluate hematopoietic supportive 3 Normal (2 x lo4) capacity of the stroma layers formed."
peaks, although the relative contents of the 160-and 650-kD species varied slightly among different sources (Fig 5) . Again, stroma-inducing activity was recovered exclusively in the 160-and 650-kD peaks (data not shown). This suggests that murine M-CSF occurs naturally as high-molecularweight forms. ~mmunoblot analysis of purified M-CSF. To verify the gel filtration data, Western blotting analysis was performed on affinity-purified M-CSF from AC3.U-SN. Under nonreducing conditions, two major bands with molecular weight of -250 and -400 kD and a minor band with molecular weight of -100 kD were seen after immunoblotting. Reduction led to disappearance of the =400-kD band and showed a new band at -50 kD (Fig 6) . The data are in agreement with previous data that suggested a multimeric structure of M-CSF. The molecular weight of native M-CSF determined by gel filtration is different than the value derived from SDS-PAGE, as has been noted by
DISCUSSION
Identification of the components of stroma and the factors that regulate stromal activity is important for understanding the mechanisms that govern hematopoiesis. In this paper, a clonal assay for functionally defined stromal c~l o n i e s '~ was used to characterize the SICS. Furthermore, we show for the first time a pivotal role for M-CSF in the induction of stroma formation. M-CSF was the sole cytokine in stromal cell SN capable of supporting stroma formation, and purified M-CSF was both necessary and sufficient to induce stroma formation. Thus, our data show a novel function for M-CSF.
Stromal cells are defined in our system as cells that support the proliferation of B-lineage and/or myeloid-lineage cell lines.I7 It is well established that the support of hematopoietic cells is a function of nonhematopoietic stromal cell elements. Macrophages, a major component of primary stroma, can be important for differentiation events, but, so far, there is no evidence that macrophages can support the proliferation of hematopoietic cells.50~s~ Thus, it is highly likely that the functionally defined stromal cells, detected in our assay system, do not belong to the macrophage Lineage. This interpretation is further supported by our demonstration of a sizable population of nonhematopoietic C D 4 -Mac-l-population in 1-week-old stromal cultures and by the fibroblastic morphology of many of the cultured cells."
More rigorous purification of SICs is needed to pinpoint For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 
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29 - The SICs also differ from the primary stromal cells described by Funk and Witte," who showed that cells capable of initiating stroma in 2-day cultures were preferentially sequestered in aggregates. In contrast, SICs were fully recovered after filtration through 60-pm nylon mesh, suggesting that these cells are not found in aggregates. Whether these differences are indicative of distinct cell types or of differentiation stages within the stromal cell compartment, or whether these differences reflect different culture conditions remains to be elucidated.
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For personal use only. on November 16, 2017. by guest www.bloodjournal.org From Our studies clearly show that M-CSF is important and sufficient for stroma formation in the clonal culture system. Stroma establishes readily in high-density culture without exogenous M-CSF.7.' It seems likely that adequate numbers of M-CSF producing cells can be present in the large inocula of cells used to establish such cultures. Conjectural accessory M-CSF-producing cells could also account for the increase in stroma formation seen in aggregates.' Exogenous M-CSF, added to low-density cultures, would overcome the need for accessory cells, and permit stroma establishment in limiting dilution. Taken together, it seems likely that the low-serum, low-density culture system used here shows a requirement for exogenous growth factors in stromal cell formation that may be masked in other systems.
Our analysis does not exclude the possibility that cytokines other than M-CSF have stroma-inducing activity. The op/op mice, which genetically lack M-CSF,58,59 apparently have a normal stromal compartment,60 suggesting that alternative pathways are available.61,62 A high-molecular-weight factor with similar properties to those we describe for M-CSF, has been shown to enhance human CFU-F.l6 Human STRO-lI CFU-F were dependent on the exogenous PDGF-BB or EGF.'' Preliminary data suggest that a number of cytokines including IGF-1, IL-1, and PDGF can partially substitute for M-CSF in our system. However, our experiments show that little, if any, activity was found in M-CSFdepleted preparations of AC3.U-SN, even though stromal cell lines are a rich source of numerous cytokines.6 Furthermore, the failure of anti-PDGF antibodies to inhibit stroma formation in the presence of AC3.U-SN argues strongly that M-CSF does not act via pathways involving the induction of PDGF. Similarly to AC3.U-SN, SN of COS cells transfected with expression vectors encoding M-CSF, but not G-CSF, have stroma-inducing activity. Taken together, these data indicate that M-CSF is sufficient for stroma formation.
Culture, for as short as 1 week, increased the number of SICs, but reduced the incidence of M-CSF-dependent SICS. It seems unlikely that the M-CSF-independent SICs reflect a population of normal marrow cells that overgrow in bulk culture. If such a cell exists in marrow, it must occur at very low frequencies because we did not detect it in limiting dilution analysis." Alternatively, it is possible that the culture conditions select for abnormal cells that proliferate independently of exogenous growth factors. Indeed, all stromal cell lines tested so far have chromosomal abnormalities,6 indicating that long-term growth in culture is an nonphysiologic event. It is also possible that SICs in marrow represent an M-CSF-dependent precursor population, which matures in vitro into factor-independent or autocrine-regulated mature stromal cells. The assay system for SICS, which we developed, will be useful to resolve these issues.
The gel filtration experiments show that M-CSF from all sources tested occurs in two distinct forms, with apparent molecular weight of =l60 and 650 k D . Both of these forms were fully capable of acting as stroma inducers, and both had similar abilities to stimulate macrophage development of CFU-M. None of the other fractions contained either immunoreactive M-CSF or stroma-inducing activity. Our data are consistent with previously published results showing that M-CSF is secreted as a proteoglycan that can self-associate to form several molecular species.44 Several cytokmes, including M-CSF, can bind to proteoglycans,46 and these growth factor-proteoglycan interactions could play a role in the creation of a specific microenvironment. However, our preliminary results indicate that extracellular matrix (ECM) cannot substitute for M-CSF. Neither ECM prepared from the variety of stromal cell lines nor purified fibronectin, laminin, and collagen type I promoted stromal formation, unless AC3.U-SN was added (E.I. Deryugina, manuscript in preparation). This suggests that soluble M-CSF is active in our system. In our hands, as in reported by other^,^^^'.^^ the molecular weights determined by SDS-PAGE differ from those measured by gel filtration. Such discrepancies may be attributable to either abnormal migration of proteoglycans on SDS-PAGE or the fact that proteoglycans are not globular and have assymetric Stoke's radii.
Regardless of the precise molecular weight, M-CSF from all sources shows similar biologic behavior and physical characteristics. These features, particularly the high molecular weight, could account for the inability of M-CSF to cross the blood-marrow ba1~ier.6~ Our demonstration that M-CSF is important for stroma formation raises the possibility that stromal cells, a potent source of M-CSF, regulate their own environment by recruiting and/or inducing proliferation of other stroma cells or their precursors. It i s tempting to speculate that M-CSF could be useful as a curative agent for damaged microenvironments. For personal use only. on November 16, 2017. by guest www.bloodjournal.org From
